The results show that seawater intrusion area will increase in all layers and seawater intrusion into Quaternary layer will be significantly faster than that into Minhuazhen group layer. It has come to the conclusion that protection of seawater intrusion contamination from the freshwater aquifers of Minhuazhen group layer is significantly necessary.
INTRODUCTION
The Liao Dong Bay coast is located in the south of Liao Ning province, China. The major study area is Panjin city and a part of Yingkou city, Jinzhou City and Anshan city as shown in Figure 1 . This area is rich in surface water, but the rainfall runoff water has been decreasing year by year and water quality has become worse. About 50% of the city water and 100% industrial water depend on the groundwater in this area [1] .
With the development of economy, water demand has been on the increase and the groundwater environment has become worse and worse. Then a lot of water problems aroused, such as seawater intrusion, groundwater cone depression, waste water, and water deterioration. In 2007, the State Oceanic Administration of People's Republic of China started monitoring of seawater intrusion in China. Its monitoring made clear that seawater intrusion is in the serious level in Liao dong Bay area. The seawater intrusion area in Liao dong Bay coastal plain is more than 4000 m 2 , and the serious intrusion area is nearly 1500 m 2 . The most remote region of seawater intrusion is 68 km far from the shore in Pan Jin City. See the web site, http://www.soa.gov.cn/hyjww/zghybnew/tkb/webinfo/2008/01/ 1200912281939611.htm. It is significant task to make clear the seawater intrusion and to predict its extending area in Liao dong Bay coastal plain by numerical study. Li employed the software of Visual MODFLOW for the numerical study in the upper Neozoic groundwater quality of the Liaohe Oil Field which is located in the south of the lower Liaohe Plain [2] . Xue conducted the simulation of groundwater level in the upper Neozoic using Visual MODFLOW in Pan Jing area [3] .
This paper deals with numerical study on seawater intrusion in Liao Dong Bay coastal plain using the SEAWAT that is a three-dimensional numerical model. This simulation considers both the groundwater layers of Quaternary and upper Neozoic. 
II. STRATIGRAPHY AND HYDROGEOLOGY BACKGROUND OF STUDY AREA

A. Stratigraphy
The subsurface stratigraphy of study area consists of sedimentary rocks ranging from the Cenozoic to Holocene in age. There are two stratigraphies of the Quaternary and Neozoic in this study area. The Quaternary stratigraphy from top to bottom was deposited in the ages of Holocene, upper Pleistocene, middle Pleistocene and lower Pleistocene, and the corresponding genetic types of deposits are alluvium-marine, alluvium, alluvium-diluvium, and diluvium.
The Quaternary stratigraphy development is relatively complete in the study area and its thickness ranges 65 to 400 m. In summary, the Quaternary sedimentary rhythm in the study area is clear and cyclic. The Holocene, upper Pleistocene and middle Pleistocene deposits have two or more cycles. Because of the tectonic movement, the middle Pleistocene deposit in this area extended toward further northwest than the lower Pleistocene deposit and the Holocene deposit extended further toward northwest than the middle Pleistocene deposit. This is the overlap of the stacking features.
The Neogene stratigraphy consists of the upper Neozoic and lower Neozoic. The upper Neozoic sedimentary is thicker, and divided into Minghuazhen group (N 2m ) and Guantao group (N 1g ) formations. There are volcanic and volcaniclastic rocks with the foot and fluvial-lacustrine clastic deposits. The fault is well-developed and sedimentation distribution is not uniform. Under the function of different sedimentation, there are seven high-angle normal faults and the separation is 10 to 145 m. These faults broke thrust the Minghua and Guantao formation. The lower Neozoic is located below the upper Neozoic. The upper part is Dongying group formation (Ed) lithology which mainly consists of white, light gray sandstone and glutenite, variegated mudstone. Its thickness is 200 -1600m. The bottom is Shahejie group formation (Es) which has a complex lithology.
B. Hydrogeology
Major groundwater source occurrences are in the Quaternary layer with unconsolidated rock porosity and in the upper Neozoic clastic rocks layer with the fracture -the pores, in study area.
1) Quaternary water in loose rock pore
The Quaternary loosened deposits generally cover the whole study area. Its maximum thickness reaches to 370 m. The major recharge of groundwater is vertical infiltration and the major discharge is evaporation and artificial pumping.
At the east and west sloping piedmont in the study area, groundwater mainly exists in alluvium and alluvium-diluvium sand, gravel, sandy gravel and sandy gravel mixed soil pores. The thickness of its aquifer ranges 70 to 160 m, hydraulic conductivity is 20 to 115 m/day, its groundwater depth is 3 to l0 m. The potential water source per well is 7,000 m 3 /day in this rich water resource region. In the alluvial plains in the northern study area, the main occurrence of groundwater is in the fine sand of marine red, medium-fine sand, gravel, sand and gravel mixed soil pores. The thickness of its aquifer ranges 150 to 280 m, the hydraulic conductivity is l2 to 20 m/day, and the groundwater depth is l to 4m. The potential water source per well is 5,000 m 3 /day in this a little fewer water resource region.
Salt water generally distributes in the mid-south coastal plain where the groundwater mainly exists in alluvium-marine silt, fine sand, fine sand, sand and gravel pores. In this area the thickness of aquifer ranges 70 to 360 m, the hydraulic conductivity is 8 to 14 m/day, and the groundwater depth is 0.5 to 3 m. The potential water source per well is 100 to 1,000 m 3 /day in this water resource generic region.
2) The upper Neozoic water in clastic rocks of the fracture -the pores
The upper Neozoic water is divided into Minhuazhen group and Guantao group. Flesh water exists in medium-grained sandrock and conglomerate accumulated in river and lakes.
Minhuazhen group groundwater: The major recharge of groundwater in Minhuazhen group is the rainfall runoff of adjacent aquifer and the vertical infiltration of groundwater in the Quaternary layer and the lateral recharge in an old foundation base. The natural flow field of groundwater reflected the runoff flowed slowly from east and west bilaterally and north to southwest. In exploiting condition, the groundwater flow direction is changed and the all surrounding groundwater is collected into the center. In natural condition, the groundwater discharges itself to southwest and the artificial withdrawal is only the discharge way.
Minhuazhen group groundwater is consist of freshwater region and salt water region.
Saline water divided into three zones, those are the whole saline water zone, the upper saline, and the lower fresh water zone. The whole saline water zone is distributed in the middle of the saline water zone. Its chlorine concentration is more than 1,000 mg/l. The upper saline and the lower fresh water zone distributes around the whole saline water zone, where is the transition belt of the saline and fresh water as shown in the Fig.  3B . Its chlorine concentration is more than 250 mg/l. Minghuazhen group salt water occurs in the river and lake facies, paludal facies of siltstone, fine sandstone, fine sandstone, coarse sandstone and pebbly sandstone layer, the water depth is 230 to 450 m, Minhuazhen group freshwater mainly occurs in fluvial facies, river and lake facies stratum of coarse sandstone, sandstone, pebbly sandstone, conglomerate. Its roof depth ranges 100 to 990 m, and the aquifer thickness is l0 to 900 m.
Guantao group groundwater: A major Guantao group groundwater occurrence is in the fluvial facies deposits, pebbly sandstone, conglomerate, fine conglomerate, and conglomerate boulder with a small amount of pores and cracks. The rock cementation is poor and its quifer thickness ranges 14 to 350 m. Groundwater level is generally -5 to -40 m. It is the confined aquifer with hydraulic conductivity of 0.8 to 9.2 m/day. Potential water source per well is 273 to 4992 m 3 /day in this area.
C. Likely causes of seawater intrusion
The first cause is the natural seawater intrusion in the layers of primary sedimentary of marine bed. There exists the several periods of seawater intrusion into Liao Dong Bay coastal plain due to earth crust uplift and down-welling since the Neozoic. After the occurrence of the seawater intrusion, in each period a large amount of marine sediment deposited. This is the major cause of salt water intrusion into Liao Dong Bay coastal plain, in which some original salt water retains.
The second cause is an anthropogenic one. The increasing population subsequently caused the excess exploitation of groundwater that damaged the water balance of salt water and freshwater, resulting in the increase of seawater intrusion. In Yingkou city and Jinzhou city, due to an excessive exploitation of groundwater, the groundwater level has continued to decline, particularly in the region of Yingkou city, where the freshwater table becomes below the sea level in the funnel region. This is the main reason of serious seawater intrusion here.
In Liao Dong Bay coastal plain, there were three steps of large-scale transgression of layers since the Quaternary period. The first is the Pansan transgression layer in mid-Holocene, of which thickness is 8 to 34m. The second is the Pioneer transgression layer in lower Pleistocene, of which thickness is 44.6 to 79.1 m. The third is the Water resource transgression layer in middle Pleistocene, of which thickness is 89.2 to 161.8 m. All of the ground water contain salt water in the Quaternary layer in the south of Pansan area.
For the salt water in Neozoic period, according to the analysis of the environment of salt water occurrence media, underground salt water distribution, water chemistry and environmental isotope characteristics, it is found out that the original underground salt water of Minghuazhen group is from precipitation, and its origin has no connection with the sea water. The salt water of Minghuazhen group was sealed off from the residual of lake water after its evaporation in the continental deposition environment [2] .
III. NUMERICAL STUDY
A. Simulation code
In this study, the SEAWAT code, that is capable of simulation of three-dimensional variable-density groundwater flow in porous media, is used to simulate the seawater intrusion into the coastal aquifers in Liao Dong Bay coastal plain. The fundamental concept of this code is to combine the two commonly used groundwater flow and solute transport modeling programs of MODFLOW [4] and MT3DMS [5] . These are combined into a single program that solves the basic equations for density-dependent groundwater flow and solutetransport. For more details on SEAWAT, refer its user's manual [6] .
B. Model discretization
In the plan view, the model grid consists of the grid system of 60 columns and 60 rows with uniform spacing of 2.0km (WE-direction) and 2.33 km (NS-direction), respectively. In the vertical direction, the model grid consists of three layers representing the hydrostratigraphy of Liao Dong Bay coastal plain. Layer-1 corresponds to the Quaternary (A1) aquifer. Layer-2 represents the Minhuazhen group (A2) aquifer that is a confining layer. Layer-C1 is an aquitard existing between A1 and A2 aquifers, which is also the confining bed between two aquifers (A1 and A2). In this model, two bottom boundaries of A1 and A2 are set by the informations from Guantao group aquifer and lower Neozoic aquifer. Model layer thicknesses are determined by the occurrence of sand and clay layers documented in well driller's reports archived by the Liao Ning hydrogeology and engineering geology exploration institute [7] .
A total of 55 stress periods, from October 2004 to April 2009, is used in the model simulation with time step of 1 month.
C. Hydrogeological parameters
The zoning map of the hydraulic conductivity was created using the data determined by pumping tests that were conducted at the time of well completion. It was recorded in well driller's logs. All hydraulic conductivities are shown by averaged values in each zone. Considering the size of zone, model's hydraulic conductivities were adjusted during model calibration. Hydraulic conductivity of the aquitards is determined to be 4.32×10 -3 m/day in Layers C1 and assumed to be constant inside the whole aquitard. For all the layers, the vertical hydraulic conductivity is assumed to be 10% of the horizontal hydraulic conductivity. Streams and rivers are specified with the river package of the SEAWAT code. Width, depth, and river stage and salt concentration of river water are determined from topographic maps. Recharge is applied to the most active upper layer. Monthly precipitation data was obtained from the China Meteorological Data Sharing Service System. From annual evapotranspiration data, an averaged evapotranspiration rate was calculated as 4.298×10 -4 m/day.
The effective porosity is set to be 0.15 to 0.25 as an initial guess. The longitudinal dispersivity is set to be 10 to 40 m in the flow system based on the injecting tests conducted at the time of well completion (from the well driller's logs). The ratio of horizontal transverse dispersivity to the longitudinal dispersivity is assumed to be 0.1. On the other hand, the ratio of the vertical transverse dispersivity to the longitudinal dispersivity is assumed to be 0.01. As needed, these values should be adjusted during the model calibration.
D. Boundary and initial conditions
Since the model is set up to simulate the seawater intrusion into the coastal aquifers, both groundwater flow and solute transport processes have to be simultaneously involved. Then boundary conditions for these two processes are required. For the flow computation, the boundary conditions are specified by hydraulic head at everywhere apart from the Layers-1 which was set by the no-flow boundaries at the northwestern and southeastern mountain edges. The specified hydraulic head values are either 2m (the mean sea level) or interpolated values from the measured water heads along the boundaries. . In both Layer-1 and Layer-2, the boundary conditions are set by the specified concentration. As the A1 aquifer is in contact with the surface water, chloride concentration along the coast is specified 12 kg/m
E. Model calibration
The model calibration is conducted through a trial-anderror approach by adjusting the zonation and values of two key parameters, i.e., hydraulic conductivities and effective porosity. The hydraulic head value is computed by SEAWAT until it matches the observed value with a satisfactory level. However, due to the scarcity of observed chloride concentrations, no attempt is made to adjust several transport parameters including dispersivities and recharge rates. These values remain same as initial assigned value. Furthermore, because of the lack of continuously monitored hydraulic head data, the model is only calibrated against the observed hydraulic heads at the end of simulation. During calibration, a total of 18 observed hydraulic head values measured in April of 2009 are used. Model calibration is stopped when a reasonable match between the observed and calculated heads is achieved. Figure 2 shows that an overall correlation coefficient of 0.983, a mean error of 0.862 m and a root mean square value of 0.955 m are obtained by the model calibration. This is indicating a reasonably good match between the observed and calculated heads. Residuals between the observed and calculated heads are also listed in Table 1 . After model calibration, the resulting horizontal hydraulic conductivity for Layers-1 and -2 ranges from 3 to 80 m/day, while the resulting effective porosity from 0.14 to 0.3. It is noteworthy that the model calibration of this study is of preliminary nature due to the limited number and duration of the observation data. Therefore, additional model calibration should be attempted when more field data become available in future. Figure 3 , seawater intrusion in Layer-1 is considerably faster than that in Layers-2 during the 55 months. Note that at any specific location of the aquifer, when the chloride concentration rises above 0.25 kg/m 3 , the limit for freshwater use set by the data of Ministry of Health [8] . This location is considered to have been affected by seawater intrusion. Figure 3A shows that the maximum extent of seawater intrusion in Quaternary layer will increase 7 km toward northwest in research area. In the southwest and northeast area, the extent of seawater intrusion becomes smaller than other area. Compared with the Figure 3A and 3B, it can be found that the seawater intrusion in Layer-1 becomes significantly faster than that in Layer-2.
In prediction model, all the conditions assumed to remain same as those in October 2004. With the continuous population increase, the demand for groundwater pumping will increase. It can be expected the actual extent of seawater intrusion in future will be more severe than the model prediction. To protect the groundwater resources in the coastal aquifers of this study area from seawater intrusion, some protect scheme should be established and the future scheme of groundwater pumping should be suggested. 
V. SUMMARY AND CONCLUSIONS
Groundwater is the important source of water in Liao Dong Bay coastal plain in Liao Ning, China, where 50% of the domestic water and the whole industrial water depend on the groundwater [1] . It is significant to protect groundwater from seawater intrusion in this area.
In order to predicted the extent of seawater intrusion in future and provide useful information for the protection of groundwater resources, a three-dimensional numerical model of density-dependent groundwater flow and miscible salt transport was developed and assessed the future condition of seawater intrusion in the study area. The developed model incorporated regional geologic, geographic, and hydrogeological features. The model input parameters were determined from analysis of well logs, well driller's reports, and pumping tests. SEAWAT code was employed in the numerical study for the coupled density-dependent flow system, which was a combined version of the two commonly used groundwater flow and solute transport computational programs, MODFLOW and MT3DMS.
Due to the scarcity of the observed chloride concentrations and continuously monitored head data, the model was only calibrated against the observed hydraulic heads in April 2009. During calibration, a total of 18 observed hydraulic head values were used. The results showed that the observed and calculated hydraulic heads matched well. However, additional calibration was necessary when more data became available in future.
After calibrated the model, the extent of seawater intrusion in the study area was computed for 40 years after April 2009 under the assumption that all the conditions remained same as those in October 2004. The result showed that the maximum extent of seawater intrusion in Quaternary layer increased 7 km in the northwest of research area. In the southwest and northeast area, the extent of seawater intrusion increased smaller than other area. The seawater intrusion in Quaternary layer was significantly faster than that in upper Neozoic Layer. As a continuous increase in population, the demand for groundwater pumping might be intensified. Then it can be expected the actual extent of seawater intrusion in future might be more severe than the model prediction. So it is very important to protect the freshwater aquifers from salt water contamination in the study area. 
